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ARTICLE INFO ABSTRACT

Keywords:
Sustainability reporting
Environmental, Social and Governance (ESG)

Halting biodiversity loss and achieving food security are both aims of the United Nations 2030 Agenda for
Sustainable Development, but there is complex interplay between them. Agriculture drives biodiversity loss, but
biodiversity provides benefits to agriculture. There is substantial potential to develop ‘win-win’ solutions for

Lviilrlefe biodiversity and people within productive farmland, by boosting wildlife that can be supported, whilst main-
Nature-positive taining yield and other services. To achieve this, farmers need to be able to assess the impacts of their man-
Agriculture agement on biodiversity at farm scale. While suitable tools exist to drive improvement in biodiversity
Farming management, none incorporates evidence on the effectiveness of specific management practices. In this study we

Food production
Food system
Expert judgement
Stakeholders

present the Cool Farm Biodiversity metric, which generates a farm-scale action-based biodiversity management
assessment, scored using expert judgements and expert assessment of experimental evidence. The metric is
designed to be biome-specific, so it responds to conservation aims, ecosystem processes and farming systems in
particular biomes. To demonstrate that the metric is responsive to changes in farm management, we present an
example of use on a large arable farm from the temperate forest biome.

1. Introduction pollination on which agricultural production depends (Brussaard et al.,

2007; Karp et al., 2018; Kennedy et al., 2013; Tamburini et al., 2020).

1.1. The need for biodiversity assessment tools

Biodiversity plays a key role in providing essential ecosystem ser-
vices, contributing to clean water, carbon sequestration (Harrison et al.,
2014; Tilman et al., 2006), soil maintenance, pest control, and
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However, despite our awareness of its importance, biodiversity is
declining globally, with land-use change and management intensifica-
tion - largely for agricultural production — currently being the leading
drivers of losses (e.g., Diaz et al., 2019; Butchart et al., 2010; Lambertini,
2020). Given its critical importance in service delivery, as well as
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arguments related to inherent value, halting biodiversity loss is a key
part of the United Nations 2030 Agenda for Sustainable Development.
Specifically Sustainable Development Goal 15 states that we should:
“Protect, restore and promote sustainable use of terrestrial ecosystems,
[...] reverse land degradation and halt biodiversity loss” (The United
Nations General Assembly, 2015). In parallel to this, Sustainable
Development Goal 2 aims to: “End hunger, achieve food security and
improved nutrition, and promote sustainable agriculture” (The United
Nations General Assembly, 2015). With growing global food consump-
tion, and a current global agricultural system that already exceeds the
Earth’s biogeophysical limits (Gerten et al., 2020), it is critical that we
find solutions to reconcile these competing demands, reversing biodi-
versity loss (Leclere et al., 2020) whilst also supporting long term food
security (Searchinger et al., 2019).

Given the benefits that biodiversity can provide to agriculture, there
is substantial potential to develop management strategies on farmland
that allow win-win solutions for biodiversity and people — boosting both
the wildlife that can be supported, and also yield and other services (e.g.,
Fischer et al., 2017; Clough et al., 2011; Cunningham et al., 2013).
Options for more sustainable management can include strategies at both
local and landscape scales. For example, these could include intensifying
production in certain areas whilst leaving others as natural habitat at
landscape scale (‘land sparing’, e.g., Phalan, 2018), maintaining natural
habitat on less productive areas within a farm (e.g., Pywell et al., 2015),
and intercropping (e.g., Li et al., 2020), or introducing flower resources
or nest sites to support certain species at field scale (e.g., Garibaldi et al.,
2014; Blaauw and Isaacs, 2014). Often, a combination of approaches,
maintaining as much diversity at the landscape scale as possible, can be
most successful (e.g., Kremen and Merenlender, 2018). Actions to
conserve biodiversity on farmland also need to be tailored for local
conditions and contexts, taking account of the potential for aspects of
biodiversity, such as pests or invasive species, to impact negatively on
agricultural production and native biodiversity (e.g., Herd-Hoare and
Shackleton, 2020).

Whatever the strategy, given continuing declines in biodiversity on
agricultural land (Rigal et al., 2023), greater uptake of biodiversity-
friendly management strategies and substantial modifications to the
way many farming systems currently operate are needed to reverse
biodiversity loss. To meet this challenge, sustainability strategies
employed by individual farms, corporate supply chains, and
government-led policies all need to incorporate greater action to
conserve biodiversity within productive farmland (e.g., Kremen and
Merenlender, 2018). In this context, tools to drive improvement are at
least as important as tools and models that predict actual outcomes for
biodiversity.

A range of international and national government-led policies have
sought to incentivise protection of biodiversity in farmland, from the
1980s onwards (e.g., agri-environment schemes in the European Union’s
Common Agricultural Policy; Batary et al., 2015). The new Global
Biodiversity Framework, adopted in December 2022 under the
Convention on Biological Diversity, specifies ‘a substantial increase of the
application of biodiversity friendly practices’ as part of the target to manage
agricultural areas sustainably by 2030 (Target 10; Convention on Bio-
logical Diversity 2022). Biodiversity has been incorporated into inter-
national industry guidelines for assessing the sustainability of farming
practices (e.g., Sustainable Agriculture Initiative, 2014). There are now
specific standards, measures, or reporting requirements related to
biodiversity in a number of international certification schemes, such as
Rainforest Alliance (“Rainforest Alliance,” 2022), Global GAP (“Global
GAP,” 2022), the Roundtable on Sustainable Palm Oil (“Roundtable on
Sustainable Palm Oil (RSPO),” 2022), and the Unilever Sustainable
Agriculture Code (Smith, 2017).

A small number of software tools are available to measure and drive
improvement in biodiversity performance of farms, and report against
these standards, allowing farmers to assess the benefits of their current
practices for biodiversity. These include the Gaia Biodiversity Yardstick
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(Kloen, 2014), the European Biodiversity Performance Tool (EU LIFE
Initiative, 2021), and the prototype New Zealand biodiversity assess-
ment tool (MacLeod et al., 2018), which record and score habitat and
farm management actions in terms of their biodiversity value. These
tools are all designed for farmland in specific regions (Europe, or New
Zealand) and are not intended to be used globally. The limited
geographic scope means that they are not useful for organisations who
wish to report or evaluate biodiversity impacts of farmed products
across global supply chains. There are globally-applicable biodiversity
tools that can be applied to farmed landscapes. NatCapMap (“NATCAP
MAP,” 2022) calculates natural capital values for a given landscape
based on habitat areas and characteristics, while the GLOBIO 4 model
(“GloBio,” 2022; Schipper et al., 2020) quantifies human impacts on the
intactness of biodiversity at a range of scales, using a modelling
approach with a spatial resolution of 300 m. Both these tools can be used
anywhere in the world, but they take no account of farm management
actions. None of these existing tools goes beyond expert judgement to
incorporate available scientific evidence for the effectiveness of
different management options for biodiversity.

Including existing scientific evidence in conservation decision sup-
port tools, along with the capacity to update as new evidence emerges, is
key to affecting real conservation change and using limited resources
wisely (Sutherland et al., 2004; Dicks, Walsh, and Sutherland, 2014).
Research has shown that many conservation decisions have historically
been based on anecdote or advice from others, while evidence, espe-
cially peer-reviewed science, is rarely the first, most widely used or most
valued source of knowledge among conservation managers (e.g., Cook,
Hockings, and Carter, 2010; Young and Van Aarde, 2011; Kadykalo
etal., 2021). Yet when data are collated and assessed systematically, the
advice for best practices can often be different from what was assumed.
Examples of this include ‘beetle banks’ in agriculture (Dicks et al., 2016)
and ‘bat gantries’ over roads (Sutherland and Wordley, 2017). Initiatives
such as Conservation Evidence (‘“Conservation Evidence,” 2022) have
made substantial progress in making scientific evidence freely available
to stakeholders, but there is still much scope for this to be delivered in
more focused formats, allowing stakeholders to see just the evidence
that is relevant to their decisions (e.g., Shackelford et al., 2019).

1.2. Considerations for developing biodiversity assessment tools

Farming systems, and the natural ecosystems in which they are
embedded, differ widely across the globe, according to environmental
and biogeographic conditions. For example, an oil palm plantation in
Indonesia, an irrigated mango farm in Brazil and an intensive apple
orchard in Germany might all be described as ‘perennial tree crop’, or
‘top fruit’ systems, but the wild species they support, and the manage-
ment actions that would be appropriate to conserve those species in the
context of productive farming, are unlikely to be the same. If a software
tool to assess biodiversity management on farms is to be global in scope,
it must have the capacity to be adapted for different farming and
biogeographic contexts. All its main elements, including its biodiversity
objectives, the actions suggested, and the evidence and judgement used
to derive scores, should be allowed to differ among contexts.

A tool for driving improvement in biodiversity management on farms
needs to make assessments at a farm scale, rather than a wider landscape
scale, because farms are the management units across which improve-
ments can take place, and farmers, farm managers and advisors, are the
actors capable of implementing management change (Sietz et al., 2022).
Additionally, the majority of high-quality experimental evidence for the
effectiveness of agricultural actions on biodiversity conservation comes
from studies that test hypotheses at a farm- or field-scale (Dicks et al.,
2014).

When designing a tool to drive improvements in biodiversity man-
agement at farm scale, there is a choice between action-based and
outcome-based (or results-based) approaches to scoring. Following similar
farm-scale biodiversity assessment tools cited above, we favour an
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action-based approach where points are given for efforts made, rather
than requiring measurements of biodiversity response. This is for two
main reasons. Firstly, it is clear from the literature that the actual
biodiversity found on a farm, in terms of number of species present and
the community composition, strongly depends on landscape factors
operating at scales larger than most farms (Gamez-Virues et al., 2015;
Seibold et al., 2019; Tscharntke et al., 2012). The effectiveness of farm
management actions for biodiversity has also been shown to depend on
landscape context (e.g., Scheper et al., 2013). These landscape factors
include, for example, heterogeneity of land uses or habitat types, pro-
portion of semi-natural habitats, and edge densities, measured at scales
of 1 km or more. They are largely (not entirely) outside an individual
farmers’ control or sphere of influence. It does not seem equitable to
reward or penalise farmers for the broader context in which they find
themselves, nor is it likely to drive improvement. Secondly, with the
exception of areas of specific habitat types, measuring biodiversity itself
(i.e., outcomes, such as numbers of species or individuals present) re-
quires data inputs that farmers usually do not have, nor have the ca-
pacity to collect.

There are risks associated with a purely action-based approach,
particularly if it is very prescriptive and does not allow managers to
adjust or adapt to their contexts. For example, overly prescriptive agri-
environment schemes led to declines, rather than increases, in the
Danube clouded yellow butterfly, by incentivising synchronised mowing
dates at large spatial scales (Konvicka et al., 2008). Wezel et al. (2018)
found a majority of European mountain farmers (from 79 farmer in-
terviews) would prefer results-based over action-based agri-environ-
ment measures, because they allow flexibility. These farmers did,
however, perceive risks in implementing results-based measures,
including a need for specialized biodiversity training. It may be possible
to develop biodiversity monitoring protocols that allow farmers them-
selves, or lay people, to monitor biodiversity at farm scale without
specialized knowledge (e.g., Tasser et al., 2019). To our knowledge, such
approaches have only been tested in Europe.

To increase the chances of widespread biodiversity benefit, any de-
cision support tool must be credible, user-friendly and fit for purpose in
its intended decision-making context, providing results that are mean-
ingful and actionable for the users. A study of factors that affected the
uptake of decision support tools by farmers in the UK found that us-
ability, cost-effectiveness, performance, relevance, and compatibility
with compliance demands were key to determining how likely farmers
were to use any particular tool (Rose et al., 2016). Factors such as cost-
effectiveness and ease of use are even more critical in areas of the world
where resources and access to technology are likely to be limited.
Involving users - here, farmers, farm managers and agricultural advisers
- in the design process is expected to increase the likelihood of uptake of
decision support tools in agriculture (Rose et al., 2017).

Beyond the community of users for a specific decision support tool,
there is a wider set of stakeholders - people who are affected by it or can
influence its uptake or success. Evidence from a wide range of disciplines
- including conservation and sustainability science - indicates that
involving stakeholders effectively in design and decision-making on
projects leads to greater benefits overall and higher probability of long-
term success (Giakoumi et al., 2018; Jolibert and Wesselink, 2012;
Kainer et al., 2009; C. J. MacLeod et al., 2022; Reed et al., 2018; Sterling
et al., 2017). These benefits include providing a greater evidence base
for decisions, giving greater public acceptance, higher chance of success
and impact, and broader communication of initiatives (Haddaway et al.,
2017). In particular, successful stakeholder engagement is often critical
for ensuring that human well-being goals are being met, as well as
purely environmental aims (Redpath et al., 2013). When developing a
generic software tool to drive improvements in biodiversity manage-
ment at farm scale, important stakeholders include supply chain man-
agers, corporate sustainability experts, biodiversity conservation
practitioners, land managers, farmers and researchers working on
biodiversity in farmland.
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To summarise, there is a clear need and demand from the agricul-
tural industry for a tool to measure the performance of farms’ actions for
biodiversity conservation. Our goal is to meet this need with a farm-
scale, location-specific tool, based on sound evidence, that can be used
to drive improvements in practice. We aim to develop a tool that acts as
a conduit for evidence not currently accessible to users, in a form that
can incentivise good practice globally. We present the Cool Farm
Biodiversity metric, a farm-scale scoring metric to measure improve-
ment, built to the following specifications:

e Available globally, localised to diverse ecological and agricultural

settings.

Compiling data and reporting results at farm scale, rather than

associated with individual products, or at larger landscape scale.

e Action- rather than outcome-based: users are scored for the actions
they take to conserve biodiversity, with scoring that is responsive to
evidence, without any attempt to directly measure biodiversity (with
the exception of habitat areas).

e Easy to use for farmers: the majority of data input requires infor-

mation that typical farmers already have, and the language is

designed to be farmer-friendly.

Developed in collaboration with users and stakeholders.

2. Methods

The Cool Farm Biodiversity metric is designed to provide a simple
checklist of actions that can be adopted by farmers in different biomes.
Users tick boxes according to actions taken on their farm and fill in
details about the areas of different habitat types.

The output provides for each user a set of overall general biodiversity
scores broken down by elements of their farm (see Section 2.1.5) and by
species group, and a calculated proportional area for different broad
habitat types. The actions that users can select and the species groups
scored depend on the biome the farm is located in, which allows the
metric to be responsive to differences in agricultural practices and
conservation priorities across biomes.

2.1. Data sources and underlying techniques

2.1.1. The Conservation Evidence database

The Conservation Evidence database comprises plain-language
summaries of > 8,400 individual scientific studies (as of 19 April
2023 see ‘Conservation Evidence’, 2022). These are compiled into >
3,600 actions, which are organised into synopses (Sutherland et al.,
2019). Synopses are structured reviews in which experimental evidence
for the effectiveness of interventions for conservation of a species group
or habitat, or approaches to tackle a particular conservation issue, has
been carefully assessed by a panel of experts in a two- or three-round
modified Delphi process (Sutherland et al., 2019). For each interven-
tion, a systematic manual literature search is used to collect documented
experimental evidence from a range of sources, including peer-reviewed
papers and grey literature. Each item of evidence (study) is described in
a standardised summary format, with all summaries published online.
The expert assessment places the intervention on three axes - effec-
tiveness, certainty and harms - which allow interventions to be sorted
into categories that are easy for practitioners to interpret, for example
‘Likely to be beneficial’. Table 1 provides a full explanation of the cat-
egories, showing how they are derived from the axis scores, and how
they are translated into evidence scores for specific actions in the Cool
Farm Biodiversity metric.

2.1.2. Expert elicitation methods

The scoring that underlies the Cool Farm Biodiversity metric is
created by eliciting two distinct responses from panels of experts. Firstly,
‘expert judgement’, where experts are asked to use their background and
contextual knowledge to judge whether they think an action is likely to



Table 1

Correspondence between effectiveness categories, reported on ‘Conservation Evidence’ (2022), and evidence scores assigned to actions in the Cool Farm Biodiversity metric (CF-BM). Thresholds apply to median scores for

effectiveness, certainty and harm, derived after a multi-round, iterative scoring process by an expert panel, following a modified Delphi method.

Category Description General criteria Thresholds CF-BM general score CF-BM species group
score
Beneficial Effectiveness demonstrated by clear evidence. Expectation of harm small High benefit score Effectiveness: >60 2 2
compared with benefits High certainty score %
Low harm score Certainty: >60 %
Harm: <20 %
Likely to be beneficial Effectiveness less well established than for those listed under ‘beneficial’ High benefit score Effectiveness: >60 1 1
OR Medium certainty score %
Clear evidence of moderate effectiveness Low harm score Certainty: 40-60 %
OR Harm: <20 %
Medium benefit score OR
Medium or high certainty score Effectiveness:
Low harm score 40-60 %
Certainty: >40 %
Harm: <20 %
Trade-off between benefit Practitioners must weigh up beneficial and harmful effects according to Medium or high benefit score Effectiveness: >40 0 0
and harms circumstances and priorities Medium or high certainty score %
Medium or high harm score Certainty: >40 %
Harm: >20 %
Unknown effectiveness Currently insufficient data, or data of inadequate quality Low certainty score Effectiveness: Any 0 0
Certainty: <40 %
Harm: Any
Unlikely to be beneficial Lack of effectiveness less well established than for those listed under ‘likely ~ Low benefit score Effectiveness: <40 0 0
to be ineffective or harmful’ Medium certainty score and/or some variation %
between experts Certainty: 40-60 %
Harm: <20 %
Likely to be ineffective or Ineffectiveness or harmfulness demonstrated by clear evidence Low benefit score Effectiveness: <40 REMOVE ACTION -1

harmful

High certainty score
(regardless of harm)

OR

Low benefit score

Medium or high certainty score
Medium or high harm score

% FROM LIST
Certainty: >60 %

Harm: Any

OR

Effectiveness: <40

%

Certainty: >40 %

Harm: >20 %

Adapted from Sutherland et al. (2019)
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- Mediterranean forests, woodlands, and scrub
Tropical and subtropical dry broadleaf forests

. Tropical and subtropical moist broadleaf forests

- Tropical and subtropical coniferous forests
Temperate grasslands, savannas, and shrublands

Tropical grasslands ——— Tropical and subtropical grasslands, savannas,

Temperateltropical grasslands (as appropriate) ———
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and shrublands

Flooded grasslands and savannas

Other WWF biomes - Temperate coniferous forest,
Boreal forests, Montane grasslands and shrublands,
Tundra, and Mangroves

Fig. 1. Extents of nine terrestrial biomes, which together produce the majority of the world’s food. Biomes that have similar types of agriculture are combined to
create five Cool Farm Biodiversity metric biomes, shown in similar colours and by brackets within the legend. Biomes not included in future plans for the metric are
shown collectively in grey. The map is constructed using biome data from Dinerstein et al. (2017) and downloaded from ‘Resolve Ecoregions’ (2020).

be effective at supporting biodiversity, either generally (section 2.2), or
for a particular species group (section 2.3). Secondly ‘evidence assess-
ment’ where, following the methodology of Conservation Evidence,
experts review a structured summary of experimental tests of an action’s
effectiveness for conserving biodiversity, and score actions for certainty,
effectiveness and harms, following a modified Delphi process.

Evidence assessment by experts is clearly a more rigorous approach
than standalone expert judgement. The underlying database of evidence
sets a high evidential standard, in that only experimental evidence is
included, rather than modelling results or correlative evidence (i.e.,
studies that examine associations between biodiversity and habitat
features without a clear link to a management action). Nonetheless,
using evidence assessment exclusively would result in a narrow set of
actions receiving a positive score, as many actions which may be
effective for biodiversity enhancement in farmland have not been
experimentally tested. Through the judgement scores, experts can
positively score actions as effective, based on their technical, experien-
tial knowledge of the effects of agricultural practices on biodiversity, or
based on the balance of non-experimental evidence, such as modelling
and correlative studies. In this way, the overall Cool Farm Biodiversity
metric scores reflect a combination of scientific and technical, experi-
ential or localised farming knowledge. Evidence scores have more
weight than judgement scores overall, representing two-thirds of the
maximum general biodiversity score available per action, as explained
in section 2.2.1.

2.1.3. Biomes
Conservation strategies have differing levels of success and relevance
in different places, and so tools to help support conservation efforts need

to be location specific. However, the degree of location-specificity must
be balanced against the practical consideration of resources available to
develop multiple versions of tools. Developing tools at the level of major
habitat regions strikes a good initial balance, whilst still allowing more
location-specific tools to be developed in addition, as resources allow (e.
g., Brandt et al., 2018). We use ‘terrestrial biomes’ to define major
habitat regions, as these are already spatially defined and justified in the
literature.

The world is divided into 14 terrestrial biomes, each of which is an
area of the world with similar environmental conditions, habitat struc-
ture, and biodiversity (Fig. 1, and ‘WWF Ecoregions’ 2022). Biomes are
derived by grouping similar ecoregions from different parts of the world,
with ecoregions defined as a “large unit of land or water containing a
geographically distinct assemblage of species, natural communities, and
environmental conditions”, and determined following extensive litera-
ture review and collaboration with regional experts (Dinerstein et al.,
2017; Olson et al., 2001; “WWF Ecoregions,” 2022). The majority of the
world’s agricultural production occurs across nine of the fourteen bi-
omes (temperate broadleaf and mixed forests; deserts and xeric shrub-
lands; Mediterranean forests, woodlands, and scrub; tropical and
subtropical dry broadleaf forests; tropical and subtropical moist broad-
leaf forests; tropical and subtropical coniferous forests; temperate
grasslands, savannas, and shrublands; tropical and subtropical grass-
lands, savannas, and shrublands; and flooded grasslands and savannas)
(Garibaldi et al., 2021). The remaining five (temperate coniferous forest;
boreal forests; montane grasslands and shrublands; tundra; and man-
groves) were excluded from the initial plans for tool development
(Fig. 1).

Within the nine agriculturally important biomes, some are similar to
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(1= effective, 0= (0-2) ONLY actions AlLactions i evidence
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[ General biodiversity score (0-3) | ( Score for each species group (-1-4) )|

Fig. 2. Process to create the Cool Farm Biodiversity metric for a given biome.
Upper panels show activities conducted by the ‘Stakeholder and user group’
(upper left; orange box), ‘Species group expert panels’ (upper right; orange
boxes) and the core design team (green boxes). Lower panels show the elements
of General (lower left; red boxes) and Species Group (lower right; red boxes)
scores associated with each action, and how they derive from the activities
(black arrows). The range of possible scores for each element is given in
brackets. For both general biodiversity and species groups, the judgement and
evidence scores are summed to create an overall score for the action. These
scores are added together across all actions within a component (see section
2.1.4), or for a species group, to form the output scores. See text for a detailed
description of the process. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

one another in the types of agriculture they support, in that the same
crops are produced across more than one biome. For example, grapes
and almonds are frequently grown in both ‘Mediterranean forests,
woodlands, and scrub’ and ‘Deserts and xeric shrublands’ areas, usually
supported by irrigation in the latter. We therefore combine these as a
simplified ‘Mediterranean and semi-arid’ biome for the purposes of the
Cool Farm Biodiversity metric. We have also combined tropical and
subtropical dry broadleaf forests, moist broadleaf forests, and coniferous
forests as a ‘tropical forests’ biome. We thus define five ‘Cool Farm
Biodiversity metric biomes’: (1) temperate forests; (2) Mediterranean
and semi-arid; (3) tropical forests; (4) temperate grasslands; and (5)
tropical grasslands (Fig. 1). Two of these biomes have been completed so
far (temperate forest, and Mediterranean and semi-arid). Development
of another (tropical forests) is currently underway, and the remaining
biomes are scheduled for later development.

2.1.4. Components

Actions that users can select are assigned to four ‘components’,
representing different aspects of farm management. These comprise:
‘Products’, actions that enhance the diversity of crops and livestock
(sometimes called ‘agrobiodiversity’) and their effects on biodiversity at
a farm scale; ‘Production practices’, actions that relate to conservation
and agronomic activities undertaken on the areas of a farm used for
production; ‘Small habitats’, actions that involve the creation, mainte-
nance and management of habitats in parcels of less than one hectare not
used for production; and ‘Large habitats’, actions that involve the cre-
ation, maintenance and management of habitats in parcels of more than
one hectare not used for production.

2.2. Design phase

The complete design process for the Cool Farm Biodiversity metric is
summarised in Fig. 2.

At the start of development for each biome, a ‘stakeholder and user
group’ is convened (Fig. 2). We use a purposive sampling approach to
identify relevant individuals from the Cool Farm Alliance network of
members, internet searches, and personal contacts. Each biome’s
stakeholder and user group comprises farmers, supply chain managers,
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biodiversity conservation practitioners and researchers, all of whom
work in the focal biome. We aim to include as a wide a range of stake-
holders as possible with a diversity of backgrounds and expertise. Full
lists of stakeholders, and their affiliations, for the currently available
‘temperate forest’ and ‘Mediterranean and semi-arid’ versions of the
Cool Farm Biodiversity metric are given in Supplementary Tables S1-54.
For each biome separately, over the course of 1-2 days of facilitated
meetings and discussion, a list of 10-12 species groups and a final
shortlist of actions to be assessed are decided (Fig. 2).

These discussions consider the overall design of the tool, with a focus
on the management questions and answers (actions) to be included, and
the aspects of biodiversity, or ‘biodiversity targets’ (species groups) for
which scores will be provided as outputs of the metric (Fig. 2). Actions
are included on the basis that, in the expert judgement of the group, they
are likely to be effective for the conservation of some component of
biodiversity and are undertaken on some farms within the biome.

The temperate forest workshops took place on 2 and 9 June 2016.
The group comprised six participants, of which: two were researchers
acting as facilitators, three were from industry (one farmer and two
supply chain managers) and one was an expert in agroecology in the
biome. The group adapted an existing tool, the Gaia Biodiversity Yard-
stick (Kloen, 2014), which had been produced in a similar participatory
process between experts and specialists from industry.

The Mediterranean and semi-arid workshop took place on 7 June
2019. The group comprised 14 participants, of which four were re-
searchers acting as facilitators, four were from industry (two farmers
and two supply chain managers), and six were experts in agroecology in
the biome (four practitioners and two researchers).

Actions are removed where an evidence assessment in a published
biome-relevant Conservation Evidence synopsis (the following were
used for the biome versions presented here: Williams et al., 2012; Key
et al., 2013; Wright et al., 2013; Shackelford et al., 2017; Dicks et al.,
2013; Berthinussen,Richardson,and Altringham, 2020) has found the
action either to be harmful or ineffective for the conservation of biodi-
versity in general (i.e., categorised as ‘Likely to be ineffective or harm-
ful’ in the Conservation Evidence database; see Table 1). Discussions
continue iteratively until the stakeholder and user group are satisfied
with the list of actions, at which point the design phase is complete
(Fig. 2).

A very important aspect of this stage is to remove ‘double counting’,
so that each action only appears in one place in the tool, in a part of the
questionnaire that is accessible to all possible users who might want to
implement that action. All stakeholders are kept informed about any
decision-making following the workshop, and about the progress of
development of the tool, with multiple opportunities to provide
feedback.

2.2.1. Assignment of ‘general biodiversity scores’

Each action is assigned a score of 1 for its general biodiversity
judgement score to reflect that the stakeholder and user group judged it
to have a benefit for biodiversity. In some cases, the judgement score for
an action accumulates scores from one or two other actions nested
within it, so the user may score 2 or 3 judgement points for a single
action. For example, a farm with high crop diversity — growing ‘more
than seven types of crop’ — receives a judgement score of 3 for general
biodiversity, acquiring single points for 1-3, 4-6 and > 7 types of crop.
The answer options in these cases are mutually exclusive.

Actions that match with an action in a Conservation Evidence syn-
opsis (Williams et al., 2012; Key et al., 2013; Wright et al., 2013;
Shackelford et al., 2017; Dicks et al., 2013; Berthinussen,Richardson,
and Altringham, 2020), and where evidence assessment has supported a
‘Likely to be beneficial’ or ‘Beneficial’ category, are assigned a 1 or 2,
respectively, for their general biodiversity evidence score (Table 1). If an
action has been assessed in more than one Conservation Evidence syn-
opsis, general farmland biodiversity assessments take precedent over
more focused assessments and the most recent is used. Judgement scores
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and evidence scores are summed to produce the general biodiversity
score for each action (Fig. 2).

2.2.2. Actions that define farm structure for comparisons and
benchmarking

Some actions are included that do not affect the output of the metric
and are assigned a score of 0. Actions that do not receive a score include:

e Default actions against which other actions are considered to be
effective in comparison (e.g., ‘none of the above’ or ‘conventional
tillage’);

e Actions included for the tool’s logic, to specify which other actions
are available to the focal farm (e.g., whether a farm has annual field
crops, so that exclusively pasture or perennial crop farmers do not
have to answer questions that do not apply to their farms); and

e Actions that specify or provide information about the farming or
landscape context, so that scores for similar types of farms can be
compared in any subsequent benchmarking process. These include
options appropriate to the biome, such as types of agricultural
product or farm business, irrigation, and landscape type. This en-
ables users working across multiple farms, at the level of an entire
supply chain for example, to compare scores among similar types of
farm, for whom the same set of options are likely to be available.

2.3. Species group assessment phase

2.3.1. Assignment of ‘species group scores’

For each biome, a panel of experts for each species group is
convened. Experts are academic and NGO-based researchers who have
worked on the focal species group, within that specific biome, found
using their publication histories. Experts provide input through two
steps: A first ‘expert judgement’ step, and secondly an ‘evidence
assessment’ step (Fig. 2).

For temperate forest, twenty-seven researchers were recruited, all
with a publication history of agroecological research in temperate re-
gions (Supplementary Table S2). For Mediterranean and semi-arid,
twenty-three researchers were recruited, all with a publication history
of agroecological research in one or more of the regions covered by the
biome (Supplementary Table S4). Every continent with Mediterranean
and semi-arid regions except Australia was represented in the publica-
tion histories of the experts. We included experts working in the Caa-
tinga biome of north-east Brazil, which was previously classified as
‘Deserts and Xeric Shrublands’ (Olson et al., 2001), but whose classifi-
cation was changed to ‘Tropical and Subtropical Dry Broadleaf Forests’
in the most recent iteration of the biome boundaries (Dinerstein et al.,
2017), indicating some uncertainty about classification specific to this
ecoregion.

To complete the first ‘expert judgement’ step, each expert panellist is
provided with a list of the actions agreed in the design phase, with
definitions where appropriate. Experts score each action, using their
expert judgement, as either: ineffective (0), effective (1), or critical to
the conservation of their species group on farmland in the focal biome
(2). Within each species group panel, the median score across experts
forms the expert judgement score, rounded down to the nearest integer.
To complete the ‘evidence assessment’ step, the Conservation Evidence
database of studies is searched for experimental tests of the effectiveness
of each action at conserving each species group on farmland within the
focal biome. These are collated and summarised, following Sutherland et
al (2019). Each summary is assessed by the expert panel, via an online
portal following the procedure used by Conservation Evidence
(Sutherland et al., 2019). Actions are assigned evidence scores according
to the final effectiveness categories, as shown in Table 1: likely to be
ineffective or harmful (-1), unlikely to be beneficial/unknown/trade-off
between benefits and harms (0), likely to be beneficial (1), beneficial
2.

Expert judgement scores and evidence scores are summed to produce
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the species group score for that action (Fig. 2). Thus, for species group
scores, evidence and judgement are given equal weight. This is appro-
priate because at the level of species groups, it is possible to provide
information about the magnitude, or importance, of the effects of each
action. Scoring the magnitude of effects is very challenging for general
farmland biodiversity, because different groups often respond differ-
ently. Our method of evidence assessment does not currently allow for
effect sizes, although this is likely to become possible in the future, as
meta-analytic approaches to large-scale evidence synthesis become
widely established (Shackelford et al., 2021). To compensate for a lack
of effect sizes in the evidence, we assign more weight to expert judge-
ment of the effects on species groups.

2.4. Actions that mitigate harm

Some actions are included in the metric not because they benefit
biodiversity, but because they mitigate harm to biodiversity, arising
from some other farming practice, e.g. actions that aim to minimise the
biodiversity impacts of using crop protection products. The metric
handles these actions by changing how a user’s answers contribute to
their farm’s score. Specifically, a harmful action, for example using in-
secticides, results in the farm losing score compared to the default option
of not using insecticides. Then, the set of actions which mitigate that
specific harm result in the previously lost score being regained, with
each action contributing part of the lost score. This is calculated by:

m;

o

= m
i=1

where h is the score lost due to the harmful action, and m; is the returned
score for one of a set of i specific mitigating actions m. The total score
available for taking the full set of mitigating actions |M]| is therefore
equal to the harm score (h), and the score awarded for each mitigating
action (;) is said to be ‘normalized’ by the harm score. Thus, mitigation
cancels out harm. Both the harmful action and the mitigating actions are
scored according to expert judgement like any other, but expert panel-
lists are asked to score the actions for whether they are harmful or
effective at mitigating, as appropriate, on a scale of 0-2. In most cases,
the harmful actions are crop protection chemicals used to target specific
groups of pests (such as insects, fungi and other diseases, weeds), and the
harm score is set at 2, so that individual mitigating actions have some
noticeable impact on the score.

Following the example of mitigating insecticide use, assume that
experts judged insecticides to be harmful (h = 2), and identified four
mitigating actions (mj, my, mg, my), each judged to be equally effective
(i.e. each has a score of 1). A user that selected two of those mitigating
actions would therefore regain one point overall, with the following
calculation, from Equation (1) returning a score of 0.5 for each miti-
gating action:

i = h

(€8]

I+1

I
Tris1+1

This allows for the metric to be responsive to farmers using a defined set
of Integrated Pest Management (IPM) techniques to minimise harms, but
only rewards actions that expert panellists have judged to be effective at
mitigating harms. This design means farmers taking all the recom-
mended mitigating actions will receive the same score as farmers not
using chemical crop protection products at all. This position might be
challenged, since organic farms are well known to host more species (i.
e., more biodiversity) at a field scale (Tuck et al., 2014), although the
effect is not replicated across all taxa, and is smaller at the whole farm-
scale at which the Cool Farm Biodiversity metric operates (Schneider
et al.,, 2014). However, the metric is designed to drive improvement,
rather than to make predictions about actual biodiversity outcomes. Our
design allows the largest number of farmers to demonstrate improve-
ments, irrespective of their organic status, in a broad range of
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agricultural systems.

A consequence of this design is that when you first enter the tool,
there are existing scores on the scoreboard, because you have not yet
selected the harmful actions, which subtract these scores. In the
Temperate forest version of the metric, this logic for mitigating harms
was only originally used for general biodiversity scores, and not for
species group scores. In the Mediterranean and semi-arid version, added
after several years of testing, and on-line user feedback, the species
groups also have scores for harms and mitigating actions. This difference
remains because we prioritise expansion of global coverage through
development of new biomes over design improvements to existing bi-
omes, guided by the user community.

2.5. Calculating scores per component or species group

The metric calculates a score for each of the four components
(Products, Production Practices, Small Habitats and Large Habitats),
using the general biodiversity scores, and for each species group across
all components, using the species group scores. A user’s overall score for
a component (Scorecmp) is the sum of achieved general biodiversity
scores (Scoreq) across all questions in the component, as a percentage of
the maximum possible general biodiversity score across all questions in
the component (Equation (2)). The achieved score for an individual
question, (Scoreq) is the sum of the general biodiversity scores of all
actions selected by the user (Geced, Equation (3)). The maximum

1 only spray aftected areas

Yes, veres S0ng roads or racks

Yes, fleld cormers

fleld margins or areas cult

flowering plants could be sown)

2.4, Whit good practices do you use when controlling pest

| never spray preventatively. | base my decision to spra
field or based on a decision support system

| targed mry Spraying on pest insect species onky, avoidin
I choose selective crop profechon products o spare be

1 have semi-natural habitats located near crops, so ben .

ves, field margins or areas keft uncultivated, with naturs

ted annually to encou
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general biodiversity score available for a question (Scorequay) is the sum
of all positive action scores for which multiple answers are permitted
(@utipteanswers)» and the highest available score from any subset of an-
swers from which only one can be chosen (auysatyexciusive) (Equation (4)).
A user’s score for each species group (Scoresg) is the sum of achieved
scores for that species group, based on actions selected in each question
(Scoregyq), expressed as a percentage of the maximum possible score for
that species group across all components (Scoresgomax) (Equation (5)).
Scoresyq and Scoregomax are calculated following Equations (3) and (4),
but using scores for the relevant species group, instead of general
biodiversity scores.

Score
Scorecomp = M x 100 2)
>~ Scoregyax
SCDI‘CQ = Z Aselected (3)
Scoreoyu = Y Atipteanswers + MO Apaatyescusive § 4
Score;
Scoresg = 2 Scorewo x 100 5)
> Scoresgomax

2.6. Treatment of scale

Users input the areas of different types of habitats on their farms,
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Fig. 3. Example of user data input and outputs for two hypothetical farms in the temperate forest biome. Left - hypothetical farms, one with minimal natural
land cover but a large number of actions effective for biodiversity conservation (top), another with significant areas of natural land cover, but a minimal number of
actions that are effective for biodiversity conservation (bottom); Centre - short excerpts of the user data input for the two hypothetical farms (illustration only: see
Supplementary Figure S1 for a more detailed view of the data input screen); Right - results returned by the metric for the two hypothetical farms.
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within the small habitats and large habitats components. These broad
habitat types are defined, in biome-appropriate terms, in the questions
with which users are presented. Users have the option of entering areas
directly, in hectares, or entering the dimensions, in metres. The areas of
these habitat types are reported in the metric’s results output, including
as a percentage of total farm area (Fig. 3). Total farm area, including
cropped and uncropped areas, is a separate input.

Currently, these areas do not affect the score a farm receives for the
respective components and are reported independently in the metric’s
output. This is because, although larger patches of habitats are well
known to support more species across multiple taxa (Connor and McCoy,
1979), it is very difficult to set thresholds or scales for these across the
geographical scope of the metric. However, by collecting and reporting
these areas, the metric retains the possibility of implementing an
adjustment or scaling of the general biodiversity scores for small and
large habitats, should evidence relating to a sufficient geographic extent
become available (cf. Meixler,Fisher,and Sanderson, 2019).

2.7. Presentation and interpretation of results

Users are presented with their results in a dynamic view that updates
as they input their actions. These comprise: 1) General biodiversity
scores relative to the maximum possible (expressed as a percentage and
structured by components); 2) Species group scores relative to the
maximum possible (expressed as a percentage); 3) A breakdown of their
on-farm land cover by broad habitat types (expressed in hectares and as
a percentage). A screenshot of the Cool Farm Biodiversity metric data
entry page is provided in Supplementary Fig. S1. A hypothetical set of
results to illustrate two different farms in the temperate forests biome is
shown in Fig. 3.

As detailed above, the general biodiversity and species group scores
represent what proportion of effective actions are undertaken as part of
a given farm’s management, with extra weight given to actions well-
supported by evidence. They are not expected to predict actual biodi-
versity outcomes (i.e. species population densities, richness or diversity
on the ground), either for the species groups or biodiversity in general.
This is because biodiversity responses to management are highly
context-dependent, and scale-dependent, including a dependence on
processes that operate at scales larger than the farm. Predicting actual
biodiversity outcomes of farm management, at farm scale, using a
scoring system that operates at biome scale, is very unlikely to be reli-
able or accurate.

Moreover, the scores are only intended to be comparable between
farms of a similar type (see section 2.2.2). By way of example, consider
two farms, one arable only and another with a mix of arable, pasture and
perennials; the latter farm has the opportunity to score higher as they
will likely undertake a wider range of actions across their different
operations.

2.8. Example of use

To demonstrate that the metric is responsive to relatively minor
changes in farming practice, we present outputs from a typical farm in
the temperate forest biome before and after changing farming practices
to benefit biodiversity. We use a large arable farm in the UK that was
initially under an agri-environment scheme (AES) called ‘Entry Level
Stewardship’ before also joining the higher level ‘Mid-Tier Stewardship’
scheme. Entry Level Stewardship was open to all farmers in England and
Wales and typically required farmers to make only small, if any, changes
to their practice (Hodge and Reader, 2010), whereas Mid-Tier Stew-
ardship is a competitive AES in which farmers are rewarded for more
costly actions that benefit biodiversity. Funding is limited based on farm
area, and farmers are only funded for actions that correspond to regional
priorities (Franks, 2019). This means that we would expect the
demonstration farm to have undergone relatively minor improvements
in farming practice for biodiversity, and therefore if the metric is
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responsive and sufficiently sensitive, the outputs should show a small
increase in the general biodiversity and species scores. This example is
from a commercial farm using the Cool Farm Biodiversity metric. We
were granted access to the output scores, but not the details of the farm
location, agri-environment management agreements, or inputs to the
metric.

3. Results

Here, we present results from the ‘temperate forest’ and ‘Mediter-
ranean and semi-arid’ versions of the metric.

3.1. Design and species group assessment

The full set of scores underlying the temperate forest and Mediter-
ranean and semi-arid versions of the Cool Farm Biodiversity metric are
provided in the Supplementary Information Table S12.

3.1.1. Temperate forest biome

The stakeholder and user group defined 150 actions, of which 115
received a positive general biodiversity judgement score. One action,
‘Reduce grazing intensity on grassland’, was removed because it was
assessed as ‘Likely to be ineffective or harmful’ in the Conservation
Evidence database. The actions were structured as answers to 29 ques-
tions for users of the tool to answer. The species groups were defined
mostly on the basis of habitat associations (see Table 2). Eleven species
groups were defined, see Table 2 and Supplementary Tables S5-S9 for
their definitions.

Overall, 23 (20 %) out of 115 actions received an evidence score of 1
or more, either for general biodiversity (Table 2A), or for one or more
species groups. Among these actions supported by evidence, four
received a positive score for one or more species groups and not for
general biodiversity.

The actions supported by evidence (therefore those with the highest
scores) were mostly placed in the ‘production practices’ and ‘small
habitats’ components and involved either creating in-field habitats (e.g.,
overwinter stubbles, skylark plots), reducing inputs by switching to
sustainable alternatives (e.g., reducing pesticides, adding organic mat-
ter, reducing or eliminating soil tillage) or managing field margins.

Across the temperate forest species groups, different numbers of
actions received positive judgement scores, indicating that they were
thought to be effective, or critical, for the conservation of that species
group: Livestock crop and variety, 16; Arable flora, 11; Wetland and
aquatic flora, 14; Woodland flora, 5; Grassland flora, 19; Soil fauna, 26;
Beneficial invertebrates, 47; Grassland birds, 27; Arable birds, 28;
Woodland birds, 26; Aquatic fauna, 40. For full details of which actions
contribute to the conservation of each species group in the temperate
forest biome see Supplementary Table S10. These sets of actions can be
used as a starting point for Biodiversity Action Plans focused on
particular target species groups.

3.1.2. Mediterranean and semi-arid biome

The stakeholder and user group workshop defined 188 actions of
which 148 received a positive general biodiversity judgement score. The
actions were structured as answers to 30 questions for users of the tool to
answer. The workshop participants took the view that defining species
groups by habitat use (e.g., as in the temperate forest biome) was
difficult to apply across the biogeographic range of the biome and
instead used functional traits (e.g., feeding guilds) to delineate which
taxa species groups referred to. Twelve species groups were defined, see
Table 2 and Supplementary Text S1 for their definitions.

Overall, 19 (13 %) out of 148 actions received an evidence score of 1
or more either for general biodiversity, or for one or more species groups
(Table 2B). Relative to the temperate forest biome, fewer actions for the
Mediterranean and semi-arid biome received evidence scores for general
biodiversity. Of the 19 actions that received any evidence score, all
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Table 2

Scores achieved by the highest scoring, evidence-supported actions across both currently available biomes. In the temperate forest biome (A), actions are included here if they received a positive general biodiversity
evidence score. In the Mediterranean and semi-arid biome (B) actions are included here if they received a positive evidence score for general biodiversity or two or more species groups. Column headings are defined as
follows: ‘Action’, short description of action; ‘General biodiversity’, evidence scores and judgement scores assigned to action in the design stage (see Fig. 2); ‘Species groups’, total scores assigned by species group expert
panels (evidence + judgement). Number in parentheses shows the contribution to the total score made by the ‘Evidence scores’, when available. Links to the relevant evidence are given in Table S12. Absence of a number
in parentheses for species group scores indicates that the score was based on expert judgement alone.

A) Temperate forest biome

Action General biodiversity Species groups
Evidence  Judgement  Crop/ Arable Wetland or Woodland Grassland Soil Beneficial Grassland Arable Woodland Aquatic
livestock flora aquatic flora flora flora fauna invertebrates birds birds birds fauna
variety
Use no pesticides 2 2 0 2(2) 0 0 1(1) 0 2(2) 0(0) 1(1) 0(0) 0
Aim to reduce pesticide use 2 1 0 2(2) 0 0 1(1) 0 2(2) 0(0) 1(1) 0(0) 0
Reduced tillage 1 1 0 1(1) 0 0 0 3(2) 1(1) 0(0) 0(0) 0 0
No tillage 1 1 0 2(1) 0 0 0 4(2) 2(1) 0(0) 1(0) 0 0
Add organic matter (manure) 2 1 0 0(0) 0 0 0(0) 4(2) 1(1) 1 1 1 0
Add organic matter (compost) 2 1 0 0(0) 0 0 0(0) 4(2) 1(1) 1 0 0 0
Overwinter stubble 1 1 0 1(0) 0 0 0 1 0(0) 0 3(1) 1 0
‘Areas of cereal fields cultivated, 2 1 0 4(2) 0 0 1 0 2(1) 2(2) 2(0) 2 1
unsown (‘Skylark plots’)
No slurry or mineral fertiliser in 1 1 0 0 1 0 3(1) 2(1) 1(0) 2(1) 0(0) 0(0) 1
grass fields
No spring mowing/grazing in 1 1 0 0 0 0 2(1) 0 0(0) 2(1) 0 0 0
grass fields
Unmown strips in grass fields 1 1 0 0 0 0 0 0 1(0) 2(0) 0(0) 0(0) 1
Field margins (uncultivated) 2 1 0 0(0) 0 0 1(-1) 0 3(2) 1(0) 1(0) 1(0) 1
Field margins (annually 2 1 0 4(2) 0 0 1 0 2(1) 2(2) 2(0) 2 1
cultivated)
Field margins (sown flowers) 2 1 0 0(0) 0 0 2(1) 0 3(2) 0(0) 2(0) 2 1
Field margins (sown perennial 2 1 0 —-1(-1) 0 0 2(1) 0(0) 3(2) 0(0) 2(1) 1(0) 0(0)
grasses)
Field margins (sown bird seed) 2 1 0 1 0 0 1 0 2(1) 0 4(2) 4(2) 1
Hedgerows managed for wildlife 1 1 0 0 0 2(1) 0 0 1(0) 0(0) 0(0) 1(0) 1
Watercourses (manage native 1 1 0 0 2 0 0(0) 0 1(0) 1(0) 0(0) 0(0) 4(2)
bank vegetation for wildlife)
Provide nest boxes of owls or 2 1 0 0 0 0 0 0 0 2(2) 2(2) 1 0
birds of prey*
B) Mediterranean and semi-arid biome
Action General biodiversity Species groups
Evidence  Judgement Pollinators  Predatory Insectivorous Fruit and Wading Birds of  Reptiles  Carnivores  Soil Aquatic Native Native
Invertebrates birds and bats seed eating birds prey fauna fauna scrub wetland
birds plants plants
No tillage (arable) - 1 2(2) 1(0) 1 1 0 1 1 0 3(1) 1 2 1
Cover crops (perennial 0 1 1 2 2(1) 2(1) 0 1 1 1 4(2) 1 1 1
fields)
Native ground cover 0 1 1 2 2(1) 3(1) 0 2 2 1 3(2) 1 2 1

(perennial fields)

(continued on next page)
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Table 2 (continued)

B) Mediterranean and semi-arid biome

Action

Species groups
Pollinators

General biodiversity

Evidence

Native

Native
scrub
plants

Birds of  Reptiles  Carnivores  Soil Aquatic
fauna

prey

Wading
birds

Fruit and

Insectivorous
birds and bats

Predatory

Judgement

wetland
plants

fauna

seed eating

birds

Invertebrates

1

2(1)

0

4(2)

0(0)

Add organic matter

(compost)
Plant flowers (perennial

2(0)

42)

4(2)

fields)
Field margins (annual

4(2)

3(2)

cultivation)
Field margins (sown

4(2)

4(2)

flowers)
Hedgerows (presence)

0

2(0)
2(0)

3(1)

3(2)

2(0)

2(0)

1(0)

2

2(0)

3(1)

3(1)

Watercourses (restore

native vegetation)
Reduce grazing frequency

2

3(1)

1(0)

1

3(1)

0

(large natural habitats)

Exclude grazers (large

3(1)

2(1)

2(0)

0(0)

1(0)

3(1)

3(2)

3(1)

3(1)

1(0)

natural habitats)

*Barn owls were classed as ‘grassland birds’, kestrels classed as ‘arable birds’, during the species group evidence assessment (see Supplementary Information Table S6).
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received a score for one or more species groups, of which just two ac-
tions received an evidence score for general biodiversity. Actions that
received evidence scores were mostly placed in the ‘production prac-
tices’ or ‘small habitats’ components, and were similar to those sup-
ported by evidence in the temperate forest biome. In addition to these
actions, cover crops and ground cover in different productive settings
also received evidence scores for multiple species groups. The Medi-
terranean and semi-arid biome had a greater focus on restoring natural
habitats and vegetation with evidence scores for several actions related
to ceasing and reversing the impacts of overgrazing as well restoration of
native vegetation around watercourses.

Across the Mediterranean and semi-arid species groups, different
numbers of actions received positive judgement scores, indicating that
they were thought to be effective, or critical, for the conservation of that
species group: Pollinators, 62; Predatory invertebrates, 83; Insectivo-
rous birds and bats, 114; Fruit and seed-eating birds, 129; Wading birds,
98; Birds of prey, 132; Reptiles, 89; Carnivores, 92; Soil fauna, 98;
Aquatic fauna, 68; Scrubland plants,81; Wetland plants, 99. For full
details of which actions contribute to the conservation of each species
group in the Mediterranean and semi-arid biome, see Supplementary
Table S11.

3.2. Examples of use

As of 27 April 2023, a total of 4,355 individual farm assessments had
been made using the Cool Farm Biodiversity metric, representing farms
in 105 different countries (pers.comm, Cool Farm Alliance). We cannot
see details of these assessments, because data inputs to the Cool Farm
Biodiversity metric belong to the users, most of whom are commercial
farms, suppliers or consultants. We were granted access to one set of
output data from a UK farm, to illustrate the sensitivity of the metric.

Following adoption of an agri-environment scheme, small improve-
ments were made in the general biodiversity scores across three of the
four components (Products, +11.8 %; Production practices, +2.1 %;
Small habitats, +4.1 %; See Fig. 4). The ‘large habitats’ component score
did not improve, since the farm had no qualifying large habitats (>1 ha
in a single parcel) and did not create any. Across the species groups
relevant to the biome (temperate forest), the example farm improved its
score for eight out of eleven species groups (Aquatic fauna, +3.6 %;
Arable birds, +2.6 %; Beneficial invertebrates, +4.3 %; Grassland flora,
+3.3 %; Livestock and crop variety, +11.1 %; Soil fauna, +5.6 %,;
Wetland or aquatic flora, +9.1 %; Woodland birds, +5.7 %; See Fig. 4).

4. Discussion

Here we present a metric that allows farmers or agri-food companies
working with networks of supplier farms, to monitor, benchmark and
report improvements in conserving and managing biodiversity at farm
scale. The Cool Farm Biodiversity metric is unique, because unlike
alternative available software tools (e.g., Gaia Biodiversity Yardstick
(Kloen, 2014), the European Biodiversity Performance Tool (EU LIFE
Initiative, 2021) and NatCapMap (“NATCAP MAP,” 2022), its scores and
outputs are designed to be based on evidence. Its action-based, farm-
scale approach is designed to increase usability, and it can be adapted to
the different ecological and agronomic conditions found across biomes,
meaning it is adaptable to all of the world’s major food producing re-
gions. By way of a real-world example, we demonstrate that the metric is
responsive to even minor changes in farming practice, and thus gives a
useful indication of how ‘biodiversity-friendly’ the suite of current
management practices on a farm are expected to be.

Several other initiatives have used a similar points-based approach to
develop or evaluate national or European accreditation schemes for
biodiversity on farms (Birrer et al., 2014; Gabel et al., 2018; Schader
et al., 2014; Tzilivakis et al., 2016; van Doorn, Anne; Jongeneel, Roel,
2020; Zellweger-Fischer et al., 2016), or as part of wider sustainability
assessments, as in the SMART-Farm tool (Schader et al., 2016). To our
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A

Production practices Small natural habitats Large natural areas

Farmed products
Aquaticfauna
Arable birds

Arable flora

Beneficial invertebrates
Grassland birds
Grassland flora
Livestock and crop variety
Soilfauna

Wetland or aquatiz flora
Woodland birds
Woodland flora

Species group

) >
>

o

25 50 75
Percentage of maximum score achieved

100

CFT score - Score 2015-2016 Additional score 2016-2017 Scores not yet achieved

Fig. 4. Outputs for an example farm before (2015-2016) and after
(2016-2017) adoption of an agri-environment scheme that required a higher
level of management intensity for biodiversity, showing general biodiversity
scores (A) and species group scores (B). CFT = ‘Cool Farm Tool’.

knowledge, none of these are freely available in the form of easy-to-use
online software.

The combination of stakeholder priorities, expert judgement and
evidence synthesis that underpins the scoring system in the Cool Farm
Biodiversity metric allows it to incorporate technical agronomic
knowledge, biome-specific priorities (i.e. different actions and species
groups are prioritised for each biome), and importantly, gives stake-
holders across the agri-food sector a voice in the governance of biodi-
versity, which can be expected to lead to better outcomes for
biodiversity in the long term (MacLeod et al., 2022).

We acknowledge that, as with any self-assessment tool designed for
large-scale industry use, there is a risk that inputs do not reflect man-
agement on the ground, or biodiversity outcomes. Our purpose is partly
to support decision-making at farm scale and to drive improvement in
practice. It is the responsibility of organisations using this metric for
biodiversity reporting or certification to incorporate auditing processes.
Some aspects of the data, such as the habitat areas, can potentially be
checked using remote sensing, but others will require detailed on-farm
auditing or independent assessment.

4.1. Combining ‘bottom-up’ and ‘top-down’ approaches to biodiversity
management

The Cool Farm Biodiversity metric focuses on relatively small-scale,
localised actions, that most farmers could take on their land. These
include aspects of farmed products (e.g., diversity of crops and live-
stock), production practices (e.g., use of cover crops, organic fertilisers,
or agroecological pest control), small habitats (e.g., wildflower strips,
conservation areas on steep slopes), and large habitats (e.g., large areas
of the farm set aside for nature). There is clear evidence — much of which
has been used to develop the metric — for the benefits of a range of these
on-farm management actions for local biodiversity (for example: Dicks
et al., 2013; Birrer et al., 2014). Furthermore, this small-scale approach
means the actions are easily achievable for many farms and landscapes,
giving potential for widespread uptake.

We acknowledge that a tool designed to be easy to use for farmers
and applicable to all possible farm structures and types across an entire
biome, is still relatively coarse at this local scale. The actions are those
expected to benefit biodiversity across a range of farming contexts. The
tool is unlikely to include all actions that might benefit biodiversity in a
particular context. For example, targeted actions for local endemic
species with restricted ranges may not be captured, nor would actions
very specific to farming systems that are not widely distributed. Scores
should not be compared across very different farming systems. We
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recommend that users only compare farms of similar type, using non-
scoring actions that specify or provide information about the farming
or landscape context, as explained in section 2.2.2.

In addition to this localised ‘bottom-up’ approach, larger ‘top down’
actions that seek to limit and avoid habitat loss at landscape or regional
scales, are crucial to protect biodiversity (Watson et al., 2014). A large
number of species are unable to persist in agricultural landscapes and
depend on the maintenance of large areas of natural habitat (Gibson
etal., 2011). Examples of rigorous ‘top-down’ approaches already in use
by industry include ‘Science based targets’ (“Science Based Targets
Network,” 2022) and the ‘No net loss agenda’ (Bull et al., 2013; Sim-
monds et al., 2020). Science-Based Targets are a means by which busi-
nesses, typically those with multiple sites, can align their biodiversity
action strategy with globally agreed goals, such as those set by the
Convention on Biological Diversity. For example, the post-2020 Global
Biodiversity Framework (Convention on Biological Diversity, 2022)
contains specific targets for the proportion of land under protected
areas, and the proportion under effective restoration. These proportions
can be calculated at a range of scales. The ‘No net loss agenda’ is an
agreed standard by which businesses can mitigate and offset impacts of
development projects so that they achieve no overall negative impact on
biodiversity. Both Science-based Targets and the ‘No net loss agenda’ are
generally applied at landscape scales or larger, potentially involving tens
or hundreds of individual farms.

There is substantial potential to combine and integrate these bottom-
up and top-down approaches to measuring biodiversity impacts. For
example, an international company making chocolate products might
use the tropical forests version of the Cool Farm Biodiversity metric
(currently in development) to derive scores for its individual cocoa
supplier farms, which could include thousands of smallholders, and use
the scores to reward those following the best practice management for
biodiversity, through a pricing structure. The same company might also
use the Science-based Targets framework to set targets for areas of
natural habitat protected, or agricultural land ‘restored’ (Pashkevich
et al., 2022), at a larger scale, in the regions it operates.

4.2. Evidence gaps revealed

Across the two biomes for which the Cool Farm Biodiversity metric
has so far been completed (temperate forest, and Mediterranean and
semi-arid) only a minority of actions were supported by evidence and
therefore received an evidence score (whether for general biodiversity
or species groups). The evidence gaps are distributed across the com-
ponents, and partly reflect a lack of focus on agricultural management
interventions in the Conservation Evidence database. For example, ev-
idence is limited on the mitigation of harms from crop protection
products, various actions to protect soil health, increase diversity within
crop fields or provide wildlife nesting or refuge resources within farm-
land (see Table S12). They also partly reflect a lack of manipulative
experiments in the agroecological literature, as noted by other authors.
Similar evidence gaps were found during development of a similar tool
for New Zealand agriculture, where evidence assessment for two farm
management actions, based on the Conservation Evidence database,
found relevant evidence for only four of the 10 target biodiversity
groups prioritised by stakeholders, and no relevant evidence from New
Zealand itself (MacLeod,Brandt,and Dicks, 2022).

Of the two biomes, more actions were supported by evidence in the
temperate forest biome than in the Mediterranean and semi-arid biome.
The evidence gaps indicate a need for more experimental research into
the effects of agricultural practices on biodiversity, with the difference
between the biomes reflecting a geographical bias in agroecological
research towards Western Europe (Dicks,Walsh,and Sutherland, 2014).
As well as a likely real difference in research levels between biomes,
there is also likely to be a difference in the extent to which experiments
originally published in languages other than English, are synthesised
into the evidence base used here. This is a bias that affects most ‘global’
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evidence syntheses (Amano et al., 2016; Lynch et al., 2021) and un-
derlines a need for greater investment in synthesizing evidence from
literature written in languages other than English (Nunez and Amano,
2021).

These research and evidence-synthesis gaps mean that the Cool Farm
Biodiversity metric is currently far from fully parametrised by evidence,
creating a heavy weighting towards those actions for which there is
strong evidence of effectiveness. However, the metric strikes a
compromise between the need for evidence and the pressing need to
provide conservation guidance. The design ensures that more points are
awarded for the actions that we are most certain about and fewer points
for actions that are less strongly evidenced, as well as a flexible structure
that can be updated easily when more evidence becomes available.

4.3. How do Cool Farm Biodiversity scores relate to biodiversity in situ?

This is a common question from users of the Cool Farm Biodiversity
metric. Our answer begins with a justification for the design we have
chosen. The Cool Farm Biodiversity metric is designed to be accessible to
all farmers, and to reward their efforts to take actions to support
biodiversity. It provides equal credit to growers taking the same actions,
regardless of the landscape context their farm is in, and therefore their
potential to support high levels of biodiversity. By not penalising
intensive farmers starting from a low biodiversity baseline, our
approach encourages widespread engagement and focuses on improve-
ment from a baseline. We also do not require any measurement of
biodiversity on farms (species abundances, species or habitat diversity
for example), which would advantage farmers with access to the
specialist resources or expertise required to do this.

There are some downsides to this approach, including that: (1) there
is no scope for scoring actions in a context-dependent way; (2) some
conservation priorities, in particular the conservation of endangered or
protected species, are given a relatively low emphasis in the metric
because relevant actions are specific to a particular species or context,
and not widely applicable; and (3) as we are not measuring farm-level
outcomes for biodiversity, when comparing across farms, higher
scores might not always be associated with higher biodiversity on the
ground. The latter is particularly true because the scores awarded for
Small and Large Habitats are not scaled by area, so two farms with small
and large areas of the same habitat types would score the same, but
likely have very different levels of biodiversity on the ground. As
mentioned in section 2.6, there is scope to reflect this in the scores, based
on information collected by the metric. For example, additional points
could be added to the Large Habitats score if a pre-defined proportion of
total farm area (e.g. 20 %) is native habitats, as recommended by
Garibaldi et al (2021). Alternatively, scores for specific habitat types or
species groups could be magnified if a certain level of connectivity or
proportional area of a relevant habitat type is reached. This scale-
sensitive scoring is an upgrade we plan for the future, when we hope
there will be clearer evidence about the relationships between different
biodiversity measures and habitat areas.

Regarding context-dependent scoring (points 1 and 2), consider
sown flowering field margins, one of our highest scoring actions (see
Tables 2A and 2B). The effectiveness of these for supporting biodiversity
is known to depend on ‘ecological contrast’ in floral resources and the
structure of the surrounding landscape, with flower strips more effective
in moderately simplified landscapes than in complex landscapes
(Scheper et al., 2013). Whilst it would be possible to adjust the scores
according to surrounding landscape structure, this would penalise some
farmers for aspects of their landscape setting that are outside their
control. On the other hand, incorporating landscape structure into the
scoring might incentivise farmers to work with others around them, to
improve biodiversity at landscape scale. This is a development we are
considering for the future. It would allow the metric to account for
landscape-scale processes, such as the positive effects of higher edge
density, small field size, and distributed small habitat patches on
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biodiversity in farmland (Clough et al., 2020; Martin et al., 2019; Riva
and Fahrig, 2023).

Consider also those species that are threatened in some areas of a
biome, but invasive in others, such as Hydropotes inermis (Chinese water
deer), invasive in parts of the United Kingdom, but classed as ‘Vulner-
able’ by the International Union for the Conservation of Nature’s Red
List (“IUCN Red List,” 2022) in their native range in China and Korea
(Putman et al., 2021). Actions that might specifically support such
species probably should not be rewarded in the invasive range, but such
logic would require a level of granularity that is way beyond the design
of the Cool Farm Biodiversity metric.

Despite these shortcomings, there ought to be a positive correlation
between the Cool Farm Biodiversity metric scores and actual biodiver-
sity levels measured on farm, at least in the way these two metrics
change over time, if not across farms. If there is no such correlation over
time, then the actions incentivised by the tool are not providing the
expected improvements and could instead be an unnecessary cost to
both farm businesses and overall food production. Birrer et al. (2014)
validated their Credit Point System against real biodiversity across 133
Swiss farms, by showing that the points score could be used as a pre-
dictor for most measures of species richness or density. Validating the
Cool Farm Biodiversity metric in the same way requires considerable
investment in ‘ground-truthing’ studies that measure biodiversity in
large numbers of farms across a range of biomes; this is a central aim of
our ongoing research programme.

4.4. Conclusions and future directions

The Cool Farm Biodiversity metric is the first evidence-based on-line
tool for easily assessing the biodiversity-friendly management strategies
used on farms. It can be used by farmers and supply chain members
across the world to give rapid, biome-specific, management recom-
mendations and to quantify the current state of agricultural restoration
for biodiversity. It allows farmers to score points to demonstrate the
good they are doing, helping to incentivise engagement. Its design is
stakeholder-led, supported by rigorous scientific evidence, and offers
flexibility for future updates as more evidence becomes available.

Future developments are planned both to enhance the user experi-
ence and to extend the ecological information used by the tool to eval-
uate biodiversity management. These will include: (1) Ongoing updates
as new evidence becomes available via published literature or additional
ground-truthing experiments; (2) Development of a GIS mapping func-
tion into which users can enter polygons showing the extent and spatial
arrangement of small and large habitat features on their farms. This will
enable automatic calculation of areas and allow for scoring to reflect the
value of on-farm habitats in providing connectivity between other fea-
tures in the surrounding landscape — a point of key importance for
maintaining biodiversity in the long-term (Hanski, 1998); (3) Develop-
ment of functions to integrate the Cool Farm Biodiversity metric with
broader landscape-scale industry-led sustainability approaches, such as
SBTs, and the ‘No net loss agenda’; and (4) Continued expansion of the
metric across the remaining biomes. The Cool Farm Biodiversity metric
provides a valuable sustainability tool that has already been used by
over 4,000 farms worldwide, and has the potential to drive an increase
in the application of biodiversity-friendly practices in agricultural areas
in many parts of the world.

Software and data availability statement

Two versions of the Cool Farm Biodiversity metric — ‘Temperate
forest” and ‘Mediterranean and semi-arid’ — have been freely available
online for registered users (registration is free) since 2016 and 2021
respectively. They can be accessed at https://app.coolfarmtool.org/
using only browser software. The software is managed by Cool Farm
Alliance, a community interest company. Registered address: 87b
Westgate, Grantham, Lincolnshire, NG31 6LE England. Email:
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info@coolfarmtool.org. It was built, under contract, by Anthesis group.
Technical documentation of the methods, as described in this paper, has
been available to users on request since 2020. All underlying scores are
provided here as Supplementary Information (Table S12).
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